The detailed morphology and internal structure of the Calabrian accretionary wedge and adjacent Eastern Sicily margin are imaged in unprecedented detail by a combined dataset of multi-beam bathymetry and high-resolution seismic profiles. The bathymetric data represent the results of 6 recent marine geophysical surveys since 2010 as well as a compilation of earlier surveys presented as a 2 arcsec (60 m) grid. Several distinct morpho-tectonic provinces are identified including: the deeply incised Malta-Hyblean Escarpment, numerous submarine canyons, broad regions of relatively flat seafloor dominated by fields of sediment waves, the gently undulating anticlinal fold-and-thrust belts of the external Calabrian accretionary wedge and the adjacent portion of the Western Mediterranean Ridge. The Calabrian arc can be divided into 4 domains (from SE to NW): 1) the undeformed Ionian abyssal plain, 2) the external evaporitic wedge, 3) the internal clastic wedge, 4) the Calabrian backstop (Variscan crystalline basement). The Calabrian accretionary wedge can also be divided laterally into two major lobes, the NE-and the SW lobes, and two minor lobes. The kinematics of the limit between the two major lobes is investigated and shown to be sinistral in the external (evaporitic) wedge. A network of radial slip lines within the southernmost external wedge unequivocally demonstrate ongoing dextral displacement of a rigid indenter (representing the corner of the clastic wedge) into the evaporitic wedge thereby confirming the geodynamic model of an active lateral slab tear fault here off eastern Sicily. The slab tear produces a series of major sub-parallel dextral strike-slip faults offshore Mt. Etna and south of 2 Please note that this is an author-produced PDF of an article accepted for publication following peer review. The definitive publisher-authenticated version is available on the publisher Web site. 
PI -G. Bohrmann; Chianti R/V Sarmiento di Gamboa, 2015 PI's -C. Ranero, V. Sallares 1 (Fig. 2) . 2
The new bathymetric compilation reveals the fine seafloor morphology of several 3 provinces in the Ionian Sea in unprecedented detail including: narrow, straight and sinuous 4 submarine canyons as well as broad flat-bottomed turbidite valleys, the ≥3 km high 5 bathymetric step formed by the Malta Escarpment, the Ionian Sea abyssal plain, the entire 6 extent of the Calabrian accretionary wedge and the westernmost portion of the Western 7
Mediterranean Ridge accretionary wedge, and finally, several mud volcanoes provinces on the 8 upper Calabrian accretionary wedge (Fig. 3) . Six 2-D cross-sections crossing from the abyssal 9 domain to the Calabrian block are constructed and presented in order to define the various 10 structural domains composing the accretionary wedge and to observe their lateral variations 11 (Fig. 4) . 12
Four multi-channel seismic profiles, crossing internal portions of the accretionary 13 wedge and the southern deformation front at its limit with the Ionian abyssal plain are 14 presented here as well ( Figure 5 ). These high-resolution seismic lines were acquired during 15 the Circee marine geophysical survey, with the French research vessel Le Suroit in October 16 2013 using a 450 m long, 72-channel Sercel seismic streamer, with an average geophone 17 spacing of 6.25 m, towed 150 m behind the vessel. The seismic source was a 6 GI airgun 18 array with a total volume of 111cu in fired at a cadence of once every 6 sec, for an average 19 shot spacing of 16 m and a 24 fold coverage for each Common Mid Point. 20 3 Results 21 3.1 Morpho-structural domains of the Calabrian arc 22
As can be seen in map view (Figs. 2, 3) and in the relief cross-sections (Fig. 4) 
the 23
Ionian Sea -Calabrian subduction complex can be divided into 4 general structural domains 24 from SE to NW: 1) the Ionian abyssal plain, 2) the external (evaporitic) wedge, 3) the internal(clastic) wedge and finally 4) the Calabrian slope and the rugged land topography of the 1 Calabrian block itself. This four-part division has already been pointed out in previous studies 2 ( Minelli and Faccenna 2010; Polonia et al., 2011; Gallais et al., 2012) and is easily observed 3 at regional scale (Fig. 3) . Further subdivision based on purely morphological criteria is 4 possible and several sub-domains within the clastic (internal) accretionary wedge are 5 identified here (Fig. 3) . These Calabrian arc domains are bounded to the west by the Malta-6
Hyblean Escarpment (MHE), to the south by the Medina Seamounts, to the NE by the 7
Apulian Escarpment and to the east by the Western Mediterranean Ridge accretionary 8 complex (Fig. 4) . Here with the benefit of high-resolution seismic lines and bathymetric data 9
we can observe the transition between these domains and fine scale variations within the 10 domains themselves. 11
Seismic Profiles 12
The deepest domain is the Ionian abyssal plain (water depth ~4000m), which includes 13 fields of sediments waves located at the foot of the Medina Seamounts seen in bathymetry 14 ( Fig. 2) and also imaged in seismic profiles (Fig. 5a ). These sub-parallel linear ridges are 15 oriented N120 -N150°E, at a 1-2 km wavelength and typically 20-30 m in height (Fig. 2) . 16
The northern and eastern Ionian abyssal plain ends at the deformation front of the Calabrian 17 and West Mediterranean Ridge accretionary complexes, respectively (Fig. 2) . The two 18 deformation fronts have several N30 -N40°E oriented embayments (Fig 2 -limit between the 19 violet and blue), which are also parallel to spurs of the Medina seamounts and appear to 20 reflect variations in the geometry of the Ionian Sea basement (Gallais et al., 2011) . 21
The external (evaporitic) portion of the Calabrian wedge begins with a very shallow 22 frontal slope (0.5°) (Fig. 4) . In seismic profiles (Fig. 5 ) one can observe that this is the result 23 of gradual thickening of the incoming sedimentary section through gentle anticlinal folds and 24 thrusts above a regional detachment within the Messinian evaporites (Fig. 5a,c) , as discussed 25 in many earlier studies (Finetti, 1982; Cernobori et al., 1996; Minelli and Faccenna 2010; 1 Polonia et al., 2011; Gallais et al., 2012) . The frontal-most anticlines have a typical spacing of 2 about 2 km and as one moves upslope into the accretionary wedge, the spacing diminishes to 3 about 1 km and then reaches roughly 0.5 km (Fig. 5a ). This is due to stretching, shearing and 4 rotation of the thrust slices, as is commonly observed in analog modeling experiments for a 5 low basal friction (Gutscher et al., 1996; 1998) . In the three western cross-sections this 6 external evaporitic wedge forms a modest bathymetric bulge with a convex crest (Fig. 4a -4c ) 7 behind which is a slightly deeper, flat-lying area containing numerous medium to large basins 8 (≥20km in size), (lower basins in Fig. 3 ). This latter area typically marks the boundary zone to 9 the internal clastic wedge. Seismic profile CIR-10 ( Fig. 5a ) shows a transition from tightly 10 spaced, and sheared thrust slices to a zone of roughly 2-km wide bumps separated by narrow 11 intervening basins. In the map view of the bathymetry ( anticline pairs, where they may come into direct contact with seawater. 15
The next seismic profile upslope on the SW lobe CIR-02 (Fig. 5b) shows the typical 16 thrust spacing within the internal (clastic) accretionary wedge to be about 2 -5 km. This is 17 substantially more than in the external wedge and indicates a deeper decollement level in the 18 clastic wedge as has been partly imaged in deeper penetration seismic reflection profiles 19 (Polonia et al., 2011; Gallais et al., 2012) . The NW end of seismic profile CIR-02 shows a 20 rather steep, faulted slope with evidence for mixed fault kinematics (thrusts and normal faults) 21 and probably marks the transition to the generally more rugged upper slope (Fig. 3) . 22
The longest seismic profile CIR-16 presents a complete cross-section through the 23 three deepest structural domains and crosses the limit between the SW lobe and the NE lobe 24 as well (Fig. 5c) . The external wedge with abundant gentle anticlinal folds is rather similar tothe geometry further west (Fig. 5a) , with an average thrust spacing of 2 km, diminishing to 1 less than 1 km within 20 km of the deformation front. It is interesting to note that the surface 2 deformation front (visible in the bathymetric map Fig. 2 ) does not coincide with the deeper 3 deformation front, which extends out another 15 km below the abyssal plain where very 4 gentle undulations in the Messinian evaporites are observed (Fig. 5c) . At a distance of 35 -70 5 km NW of the deformation front, the zone of narrow enclosed basins is reached. Here the 6 band of strong reflectivity, thought to mark the top of the Messinian, appears to just reach the 7 base of the deepest troughs/gashes, which could allow evaporite dissolution to occur. Further 8 to the NW there is a somewhat bumpy plateau and then 2 -3 deep clefts, one of which 9 represents the limit between the SW and the NE lobe. Continuing to the NW, there are once 10 again tightly spaced anticlinal folds reminiscent of the zone close to the deformation front, a 11 somewhat steeper slope, culminating in a structural high (at profile km 50 -60) with some 12 thrust faults visible beneath. Then further NW there is a fairly broad depressed area (profile 13 km 25 -50) dominated by ridges and intervening troughs ( There is disagreement regarding the current kinematics of the Calabrian wedge and the 1 surface expression of the lateral slab tear fault (or STEP) with three primary competing 2 models (Argnani and Bonazzi, 2005; Gutscher et al., 2016; Polonia et al., 2011; 2016) (Fig.  3   6 ). Each kinematic model also makes contrasting predictions as to which portions of the 4
Calabrian wedge should currently exhibit compressional deformation ( Fig. 6 red lineaments) . 5
In order to test these predictions we will examine in detail four key sub-regions, identify the 6 major faults and the kinematics, and seek evidence of compressional deformation. The deeper offshore is dominated by three NW-SE oriented gently curving to tightly 21 sinuous canyons and by 3-4 NW-SE oriented lineaments on the seafloor with lengths of 22 several tens of kilometers (Fig. 7a) . The latter are marked by elongate pressure ridges (pop-23 ups) transpressional/transtensional jogs and the southernmost was interpreted to be an active 24 dextral strike-slip fault (Gutscher et al., 2016) . The northernmost of these has been named theIonian Fault (dashed blue line Fig. 7a ) (Polonia et al., 2016) and appears to merge into the 1 Messina canyon and may thus be partially masked. Kinematically this structure has been 2 proposed to be a major dextral strike-slip fault, accommodating the differential motion 3 between the S Calabrian basement and the Peloritan block, and linked to the ongoing NW-SE 4 extension in the Straits of Messina (Palano et al., 2012; 2015; Polonia et al., 2016) (Fig. 6) . 5
The bathymetric data from the continental slope SE of Catania show distinct slope breaks 6 parallel to the coastline. This is consistent with a reactivation of the northern MHE by 2 -3 7 normal faults, in agreement with observations from multi-channel seismic profiles (Argnani 8 and Bonazzi, 2005; Argnani et al., 2009; Gutscher et al., 2016) . 9
The vortex 10
This region covers a large portion of the limit between the NE and SW lobes of the 11 accretionary wedge (Fig. 7b) , where the Ionian Fault is proposed to traverse (Polonia et al., 12 2016) (Fig. 6c) . It also includes a 0.5 -1.0 km high scarp, we name "the Wall" (Fig. 7b)  13 oriented ENE-WSW, with several similarly oriented linear ridges to the north and south. 14 These appear to be anticlinal thrust ridges. The south-western portion features two large flat 15 basins with several isolated ridges oriented almost randomly and a few sub-parallel ridges 16 oriented E-W at the SW extremity. The most striking features in this sub-region are a series of 17 curved lineaments on either side of the proposed Ionian Fault, which resemble a vortex, with 18 left-handed curvature (center and lower right of Fig. 7b ). Several jagged, enclosed basins are 19 also observed here, with the same general curvature. These curved lineaments indicate 20 regional counter-clockwise rotation, which would require sinistral shear along the proposed 21
Ionian fault. The intersection of the proposed Ionian fault and "the Wall" shows no dextral 22 offset of the scarp, which would be expected if the Ionian fault exhibited dextral shear along 23 its entire length. However, the slight S-shaped trend of the "the Wall" is consistent with 24 modest (5 -10 km) sinistral displacement along the proposed Ionian fault trace.
Oblique ridges and troughs domain 1
This sub-region represents the core of a large kidney shaped zone, which forms an 2 internal arc within the NE lobe (Figures 2, 3 and Fig. 8a ). This depression, with curved sub-3 parallel ridges and troughs, has been identified by previous bathymetric mapping ( Chamot-4 Rooke et al., 2005; Loubrieu and Mascle, 2007; Praeg et al., 2009) and is the site of numerous 5 documented mud volcanoes as well (Praeg et al., 2009; Ceramicola et al., 2014) . Some 6 authors interpreted the NE-SW oriented elongate troughs as evidence of widespread normal 7 faulting thought to be expressions of gravitational spreading and collapse (Chamot-Rooke et 8 al., 2005; Rabaute and Chamot-Rooke, 2014) . With the newly available high-resolution 9 bathymetry, however, the morphology can now be seen to be a series of criss-crossing ridges 10 and troughs, oriented primarily N20°E to N30°E and N60°E to N70°E and intersecting 11 obliquely (Fig. 8a) . Together with the seismic profile CIR-16, which shows alternating thrust 12 and normal throws on faults within a 30 km distance (Fig. 5d) , this argues strongly in favor of 13 widespread strike-slip deformation, which can produce transpressional ridges and elongate 14 troughs (Fig. 8a) . 15
Slip line domain 16
The southern portion of the SW lobe shows the progressive evolution of the gentle 17 folds at the deformation front (dashed yellow and green lines at the SE and SW corners) 18 towards tighter folds further north (Fig. 8b) . Northwards of 36°N elongate depressions are 19 observed and become one of the most prominent morphological features. These depressions 20 resembling furrows or gashes are sub-parallel to the deformation front and numerous small 21 parallel ridges are still widespread. However, the most striking feature in this sub-region is the 22 extraordinary set of lineaments appearing to radiate outwards from the NW corner of the 23 region, and more specifically from the southern extremity of an elongate basin. This basin is 24 described in an earlier study as a transtensional basin related to the South Alfeo fault,interpreted to represent the lateral slab edge tear fault at the limit between the clastic wedge 1 (to the east) and the evaporitic wedge (to the west) (Gutscher et al., 2016) . These lineaments 2 extend on average 30 -60 km into the external (evaporitic) wedge. Such radially oriented 3 lineaments, known as slip-lines are common in the foreland of rigid indenters and have been 4 observed previously in analog modeling studies (Tapponier et al., 1982; Dominguez et al., 5 2000) and in nature in front of seamounts subducting beneath the Costa Rica margin 6 (Dominguez et al., 1998). The NW-SE oriented slip-lines cross-cut the generally E-W 7 oriented anticlinal folds formed in the Plio-Quaternary cover above the Messinian salt. This 8
indicates that deformation post-dates the Plio-Quaternary and is currently active. 9
Summary 10
We present a detailed structural interpretation of the Calabrian wedge (Fig. 9) . The 11
Calabrian wedge can be divided laterally into 2 major lobes and 2 minor lobes: a small 12 trapped lobe (W and NW of Alfeo Seamount), the large SW lobe, the large NE lobe, and a 13 smaller far eastern lobe near the Apulian Escarpment, (although this last region is not well 14 resolved by the bathymetric data) (Figs. 3, 9) . The boundary between the external (evaporitic 15 wedge) and internal (clastic wedge) is locally expressed by a change in the seafloor 16 morphology. The outermost portion of the evaporitic wedge is characterized by abundant 17 short wavelength (1 -2 km) low amplitude (100 -200 m) anticlines. In the external 18 (evaporitic) wedge compressional, salt-cored thrust anticlines are abundant at the deformation 19 front and in the lower most slope. Toward the mid-and upper slope and along the crest of the 20 external wedge, the morphology is dominated by narrow, elongate enclosed basins 21 (furrows/gashes). The internal (clastic wedge) exhibits a very wide range of seafloor 22 morphology (Fig. 3) . Anticlinal folds when present have much longer wavelengths than in the 23 external wedge. An internal arc within the eastern part of the clastic wedge is dominated byoblique ridges and elongate parallel troughs. In the upper part of the internal wedge (NE lobe) 1 numerous mud volcanoes are present (Figs. 8a, 9) . 2
The counterclockwise rotation in the vortex indicates sinistral shear along the limit 3 between the NE and SW lobes (Figs. 7b, 9 ). This is further suported by the trend of the 1-km 4 high escarpment (the "Wall"). These observations contradict the kinematic interpretation of 5 the Ionian Fault as being a major dextral strike-slip fault along the entire boundary between 6 the two lobes (Fig. 6c) as has been suggested in earlier work (Polonia et al., 2011; 2016) . 7
Major strike slip faults are observed in the uppermost portion of the wedge south of the Straits 8 of Messina, with dextral kinematics indicated either by structural markers (Gutscher et al., 9 2016) or by regional GPS observations (Palano et al., 2012; 2015) . Dextral strike-slip 10 kinematics in the E Sicily offshore region is also supported by available focal mechanisms 11
here (Presti et al., 2013; Musumeci et al., 2014) (Fig. 1) . The northwestern portion of the 12 Ionian Fault, though not clearly expressed in the morphobathymetry is likely dextral as well 13 ( Fig. 9) as suggested by the few available focal mechanisms here (Presti et al., 2013; Polonia 14 et al., 2016) (Fig. 1) . The dextral strike-slip kinematics of the northernmost Ionian Fault does 15 not extend along the limit between the two lobes. Instead, we interpret that this dextral 16 movement connects into the region of oblique ridges and troughs and into the out-of sequence 17 thrusts of the internal arc (Figs. 8a, 9 ). Active deformation of the SW lobe is expressed, by 18 gentle folding of the uppermost turbidite sedimentation at the deformation front as seen in the 19 bathymetry ( Fig. 8b ) and seismic profiles (Figs. 5a, 5c ) and by the superimposed slip-lines 20 indicating expulsion of the SW lobe in response to the SE advance of a rigid indenter (Figs. 21 8b, 9) . This supports the kinematic model of a dextral strike-slip limit at the boundary 22 between the external (evaporitic) and internal (clastic) wedge (Fig. 6b) for this portion of the 23 wedge (Gutscher et al., 2016) . This contradicts the prediction of the alternate model that the 24 SW lobe has been abandoned (Fig. 6c) because the Peloritan backstop has becomekinematically inactive (Polonia et al., 2016) . GPS observations (d'Agostino et al., 2011; 1 Palano et al., 2012; 2015) indicate more rapid SE motion of the Calabrian block, with 2 associated extension expressed by normal faulting in the straits of Messina and Calabria 3 (Presti et al., 2013) (Fig. 1) and consistent with the mechanism of the 1908 Messina 4 earthquake (Aloisi et al., 2013) . However, the morpho-tectonics of the westernmost 5 accretionary wedge and the active set of radiating slip lines clearly indicate ongoing dextral 6 strike slip movement here (Fig. 6b) . While it is difficult to determine the current slip rate 7 along the tectonically active W boundary of the Calabrian wedge, a rough estimate can be 8 obtained by considering the shape of the external evaporitic wedge and assuming the limit 9 between the internal and external wedge was initially parallel to the Calabrian block (oriented 10 roughly NE-SW). In this case, the more rigid internal clastic wedge has advanced at least 110 11 km to the SE since the Messinian times (about 5.5 Ma). This would represent a minimum 12 "long-term" estimate of 2 mm/yr. The uncertainty of this value is quite high, since the total 13 displacement could in fact be much larger, possibly as high as 300 -400 km (considering that 14 the majority of the Tyrrhenian Sea backarc basin opened during this period (Facenna et al., 15 2001; 2004; Gutscher et al., 2016) . And of course, kinematics may have changed significantly 16 since the Messinian, with the most rapid movements occurring during the opening of the 17
Vavilov and Marsili basins (Faccenna et al., 2001 ) and much slower rates of motion at 18
present. An exact value could best be obtained by the deployment of long-term observational 19 equipment on the seafloor across this boundary. 20
Conclusions 21
The high-resolution morpho-bathymetric map of the Ionian Sea seafloor images active 22 Sicily sub-regions, taken from recent publications (Presti et al., 2013; Musumeci et al., 2014; 7 Barreca et al., 2016; Polonia et al., 2016) . Black thrust teeth show limits of the Calabrian and 8
Western Mediterranean Ridge accretionary wedges. Inset: Seismicity cross-section obtained 9
by projecting the hypocenters within the yellow brackets onto the yellow line. The tear fault follows the dextral, transtensional South and North Alfeo fault sytems 21 (Gutscher et al., 2016) , rooting below Mt. Etna (Gvirtzman and Nur, 1999) . C -The tear fault 22 is interpreted to be the dextral Ionian fault, which forms the boundary between the SW and 23 NE lobes of the Calabrian accretionary wedge (Polonia et al., 2011; 2016) . 24 
